THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


vj 


w 

1 

4 

If 

NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
AKEU§1D  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURN3HED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THATTk«AY  IN  ANY  WAY  BE  RELATED  THERETO. 


Reproduced  by 

DOCUMENT  SERVICE  CENTER 

KNOTT  BUILDIN6,  DAYTON,  2,  OHIO 


COSMIC  RAY  GROUP 


UNIVERSITY  OF  MINNESOTA 


IIBASUREIIENT  OF  MULTIPLY  CH4ROMD  COSMIC-RAIS 


BY  A NEW  TECHNIQUE 
by 

John  Linsley 


TECHNICAL  REPOBT 

Cosnlc  Ray  Project 
Navy  Contract  No.  N6onr-2U6 


August,  19$k 


Department  of  Physics 
University  of  Minnesota 
Minneapolis^  Minnesota 


-i- 


■?r', 
■ 1. 

T»- 


t- 

Vi 


1^ 


JiEASUREMENT  OF  MULTIPLY  CHARGED  COSUIC-itAIS 
BY  A NEW  TECHNIQUE 

John  Linsley 

University  of  Minnesota,  Minneapolis,  Minnesota 

Abstract 

The  Cerenkov  effect  has  been  applied  to  the  problem  of  determining 
the  ch<v.rge  of  cosmic-rays.  Cloud  chamber  photographs  have  been  obtained 
of  the  events  that  cuased  large  signals  from  a thin  Cerenkov  counter 
during  a balloon  flight  which  carried  the  apparatus  above  most  of  the 
atmosphere.  They  show  that  the  Cerenkov  counter  was  notably  effective 
at  discriminating  against  the  background  effects  that  plague  counter 
measurements  on  the  charge  spectrum  of  cosmic-rays,  for  a relatively  large 
proportion  of  the  signals  were  caused  by  single  heavily  loi^zing  particles. 

The  theory  of  the  Cerenkov  effect  associates  a lower  velocity  limit  with 
the  signal  anplltude  requirement  that  those  particles  met.  Their  ionization 
was  determined  well  enough  to  classify  particles  of  such  velocity  as  having 
2 = 2 or  Z > 2 with  considerable  certainty.  The  vertical  flux  of  doubly 
charged  particles  with  kinetic  energy  >(6l0  + 100)  Ifev/nucleon  ber.eath 
17  gn\/cm^  of  atmosphere  and  13  gm/cm^  of  local  matter  is  found  to  be  (79+  11)/ 
m*-  sec  steradian.  That  result  and  currently  accepted  assumptions  concerning 
absorption  imply  the  value  (135+  20)/m^  sec  steradian  for  the  extrapolated 
vertical  flux  of  primary  alpha-particles  with  energy  above  (670+100)  Mev/ 
nucleon.  Some  of  the  alpha-particles  were  seen  to  interact  in  copper  plates 
within  the  cloud  chamber.  The  observations  indicate  that  the  collision  mean 
free  path  is  (100  + 25)  gm/cm^.  The  problem  of  counter  measurements  on  com- 
ponents heavier  than  helium  is  scrutinized. 
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I.  Introduction 

The  cosmic  radiation  brings  us  information  about  regions  of  space 
far  distant  from  our  own  solar  system,  being  one  of  two  Yehicles,  the 
other  electromagnetic  radiation,  that  do  so.  It  has  been  learned,  mostly 
within  the  last  two  decades,  that  (1)  the  two  vehicles  are  different  in 
nature,  the  cosmic  radiation  consisting  of  particles,  (2)  that  the  total 
energy  wo  receive  in  the  two  forms  is  about  equal,  (3)  that  the  energy 
of  the  cosmic  radiation  is  probably  a significant  part  of  the  total  energy, 
aside  from  mass  energy,  in  the  region  it  occupies,  and  (U)  that  the  indivi- 
dual particles  have  energy,  relative  to  the  'fixed'  objects  in  space,  far 
greater  than  the  binding  energy  of  nuclei,  and  indeed  they  provide  our  only 
experience  with  the  phenomena  associated  with  extreme  particle  energies. 

Thus  we  know  that  there  is  a mechanism  at  work  idiich  is  capable  of 
accelerating  individual  particles  to  extreme  velocities,  and  iriiich  oxight 
hardly  to  be  thought  insignificant  in  cosmology,  considering  the  total  energy 
that  it  involves  and  the  extent  of  the  space  that  it  affects, 

TIhen  it  was  discovered  that  the  primary  cosmic-ray  particles  are  nuclei 
not  only  of  hydrogen  but  of  many  heavier  elements,  it  became  plain  that  the 
radiation  is  a much  richer  source  of  information  than  there  was  reason  to 
hope  previously. 

The  fields  that  we  suppose  accelerate  cosmic-ray  particles  act  on  the 
first  power  of  their  charge,while  energy  loss  by  ionization  varies  as  the 
charge  squared.  Heavy  nuclei  that  attain  the  energies  observed  can  be 
degraded  rapidly  in  mass  if  they  suffer  nuclear  collisions,  and  the  collision 
cross  section  varies  somewhat  more  slowly  than  the  charge.  Therefore,  the 
fact  that  heavy  nuclei  get  accelerated  in  spite  of  con^jetition  from  ionization 
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loss  and  that  they  are  delivered  to  the  earth  In  spite  of  competition  from 
nuclear  collisions  Is  very  pertinent  Information  concerning  the  processes 
that  accduit  for  the  phenomena.  And  the  fact  that  they  reach  the  earth  at 
all  means  that  the  relation  betireen  the  elemental  composition  of  the  cosmic 
radiation  and  that  of  the  matter  vhere  Its  particles  hegln  to  acquire  energy 
is  not  trivial,  even  though  intervening  processes  may  be  supposed  to  affect 
it.  The  reader  may  refer  to  the  recent  article  by  Morrison,  Olbert  and 
Rossi in  which  such  matters  are  discussed  In  some  detail. 

The  heavy  nuclei  were  discovered  simultaneously  by  means  of  two  of  the 
earliest  techniques  for  detection  of  penetrating  charged  particles,  the 
Wilson  cloud  chamber  and  the  photographic  emulsion. Since  then  nearly 
all  quantitative  Information  that  has  been  obtained  about  the  relative 
abundances  of  the  various  nuclei  heavier  than  helium  has  o<sbb  from  use  of 
emulsions.  The  emulsion  technique  has  proved  to  be  so  powerful  In  this 
respect  that.  If  It  were  not  also  so  laborious.  It  might  be  surprising  that 
efforts  have  contlnvied  to  be  made  to  use  and  develop  alternative  methods 
ox  measuring  the  ch£u:ge  spectrum  of  cosmic  radiation. 

The  experimental  problem  is  to  determine  the  charge  of  individual 

fast  particles.  A number  of  effects  related  to  energy  loss  by  Ionization 

2 

and  proportional  to  Z are  available  for  that  purpose.  The  dependence  of 
the  same  effects  on  particle  velocity  presents  a difficulty,  for  a suffi- 
ciently slow  particle  can  lose  energy  by  ionization  at  the  same  rate  as  a 
faster  one  with  a greater  charge,  so  commonly  It  is  necessary  to  measure 
range  or  rate  of  change  of  ionization  loss  in  order  to  establish  with  much 
accuracy  the  charge  of  individual  particles.  That  difficulty  is  particularly 

(1)  p.  Morrison,  S.  Olbert  and  B.  Rossi,  Phys.  Rev.  9U,  UxO  (195U). 

(2)  P.  Freier,  E.  J.  Lofgren,  E.  P.  Ney,  F.  Oppenheimer,  H.  L.  Bradt  and 
B.  Peters,  Phys.  Rev.  7U»  213  (19U8). 


troublesome  in  measuring  the  relative  abundance  of  hydrogen  and  helium, 
for  secondary  protons  that  ionize  the  same  as  primary  alpha-particles  are 
ns  abundant  as  the  latter  in  any  attainable  experimental  environment,  and 
such  protons  still  have  very  appreciable  range.  The  difficulty  applies  to 
the  emulsion  technique  as  well  as  to  methods  that  exploit  ionization 
counters.  (3) 

Charge  measuring  counters  suffer  for  their  part  from  an  inherent 
inability  to  distinguish  the  effect  of  an  individual  particle  from  that 
of  a group  of  secondaries  from  a multiple  event.  The  fact  that  multiple 
events  are  generated  copiously  by  primary  cosmic-ray  particles  and  their 
immediate  secondaries  and  that  a nuclear  interaction  even  at  relatively 
low  cosmic-ray  energies  is  characterized  by  production  of  intense  local 
ionization  from  evaporated  secondaries  means  that  multiple  events  can  be 
expected  to  compete  effectively  with  primary  heavy  nuclei  at  producing 
large  signals  from  ionization  counters.  Use  of  absorbers  to  impose  a range 
requirement  that  will  eliminate  slow  particle  background  tends  to  increase 
background  from  local  Interactions. 

The  Cerenkov  effect  provides  an  alternative  principle  for  charge 
measurement,  for  the  amount  of  Cerenkov  radiation  that  is  emitted  by  a fast 
particle  in  traversing  a transparent  medium  varies  with  its  charge  as  the 
square,  llie  way  in  which  the  energy  radiated  varies  with  particle  velocity 
indicates  that  the  various  events  that  go  to  make  up  background  in  an  ioniza- 
tion counter  will  produce,  in  a Cerenkov  counter,  either  no  response  irtiatever 
or  a far  smaller  response,  in  terms  of  that  produced  by  a single  fast  particle 


(3)  The  term  'ionization  counter'  is  used  here  to  designate  any  device 
that  gives  an  electrical  pulse  proportional  to  ionization  produced 
by  an  event  within  a certain  voliune;  e.g.  gas  proportional  counters, 
pulse  ionization  chambers,  and  scintillation  counters. 
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with  unit  charge. 


II.  Cerenkov  Counter  Measurement  of  Charge 
According  to  clASalcal  electromagnetic  thaozy  the  Cerenkov  light  la 
emitted  in  a forward  cone  of  angle  ^ , irtiere  cos^^=  1/^n,  about  the  direction 
of  motion  of  a sufficiently  fast  (v^v^^c/n)  charged  particle  traversing 
a medium  with  refractive  index  n.  The  energy  emitted  (Integrated  over 
■frequency,  neglecting  dispersion)  is  given  by 


S(Z,  Y)  = fl  - * 


fc(Y  ) 


where  E - E(l,«=>^,  Z is  the  charge  in  units  of  that  of  the  electron,  and 


y r (1-  P - 


Ihe  velocity  dependence  expressed  by  f.(Y)  (W-g*  6)  is  distinctly 

c 

unlike  that  of  ionization  loss.  Sli^e  the  critical  velocity  oeccmsponds 
to  an  ionization  1.6  times  minimum  the  slow  p>roton8  that  are  difficult  to 
distinguish  from  fast  alpha-particles  by  use  of  emulsion  or  ionization 
counters  will  be  con^letely  Ignored  by  a Cerenkov  counter,  and  its  response 
to  an  individual  proton  of  any  speed  will  be  limited  to  one  fourth  its 
response  to  a fast  alpha-^partlcle . It  is  true  that  a Cerenkov  counter  can 
respond  equally  to  a fast  alpha-particle  and  a slower  heavier  nucleus,  but 
the  heavier  nuclei  that  can  cospete  are  rare  and  will  not  disturb  a measure- 
ment of  the  flux  of  fast  alpha-particles. 

As  for  backgrovmd  from  multiple  events,  prediction  again  favors  a 
Cerenkov  counter  over  one  that  measures  ionization.  Studies  with  emulslon^^^ 
show  that  most  charged  secondaries  from  multiple  events  at  high  altitude 


(U)  U.  Camerini,  P.  H.  Fowler,  W.  0.  Lock,  H.  Uuirhead,  Phil.  Mag. 
Ul3  (1950). 
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are  low  energy  evaporations  (black  tracks)  or  ’knock-an>  protons  (gray 
tracks)  with  less  than  the  critical  velocity  In  Incite^  and  that  the  great 
majority  of  nuclear  Interactions  have  less  than  two  secondaries  that  are 
faster  (thin  tracks).  Thus  only  the  less  frequent  Interactlcns  azxl  only  the 
least  abundant  of  their  secondaries  can  give  Cerenkov  ll^t*  idiereas  all 
the  interactions  give  Ionizing  secondaries,  and  for  ionization  counters, 
the  most  abundant  secondaries  are  heavily  weighted  because  lonlzatlcii 
increases  with  diminishing  velocity. 

Bibliographies  on  e^qperimental  and  theoretical  investigatiaDS  of  the 
Cerenkov  effect  have  been  published  elsewhere^'^,  so  only  applications  of 

5 a.  L.  Mather,  Phys.  Hev.  Bkt  l8l  (1951). 

^ J.  V.  Jelley,  Atomics  (London)  k,  8l  (1953). 

the  effect  to  detection  and  measurement  of  cosmic  radiation  will  be  referred 
to  in  this  paper.  Quantitative  detection  of  cosmic  rays  by  their  Cerenkov 
radiation  was  first  accomplished  b7  Jelley^.  Lfi  later  ejqjerinents  he  and 

^ J.  V.  Jelley,  Proc.  Phys.  Soc.  A6h,  32  (1951). 

Q 

Galbraith  have  succeeded  in  detecting  the  Cerenkov  light  produced  in  air 
^ J.  V.  Jelley  and  W.  Galbraith,  Phil.  Mag.  Ijij,  6l9  (1953). 
by  soft  showers  at  sea  level.  Duerden  and  I^rams^  have  detected  sea  level 
^ T.  Duerden  and  B.  B.  Byams,  Phil.  Mag.  h3,  717  (1952). 


cosmlo-ray  protons  efficiently  by  using  a Cex*enkov  counter  in  anticoincidence 
to  set  a velocity  limit  and  an  absorber  to  require  penetration. 
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The  possibility  of  using  a Cerenkov  detector  for  investigating  the  charge 
spectrum  of  primary  cosmic  rays  iras  pointed  out  by  Winckler  and  Anderson^^  in 
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J*  Winckler  and  K*  Anderson^  Rev*  Sci*  Inst*  23,  765  (1952)* 


a letter  describing  tne  Cerenkov  counters  they  have  developed  and  used  in  a 

11 

study  of  directional  and  albedo  effects  at  high  altitude  • In  their  design 

^ J*  R.  Winckler  and  K*  Anderson,  Fhys*  Rev*  93,  596  (195U)* 

the  directional  properties  of  the  Cerenkov  radiation  peimit  collection  of 

light  from  20  cm  of  path  length  in  Incite  for  traversals  sith  cne  sense  of 

direction  and  result  in  practically  complete  absorption  of  the  lig^  for 

traversals  in  the  opposite  sense.  The  pulse  hel^t  distribution  they 

2 

obtained  at  25  sn/cm  atmospheric  depth  (?lg*  10,  loc*  cit»)  has  a tall 
toward  large  ptjlse  heights  which  they  attribute  to  nuclear  interactions  with 
relativistic  secondaries,  many  of  which  must  have  originated  in  the  relatively 
thick  (29  gm/on  ) lucite  radiator  of  their  detector*  The  amplitude  of  their 
distribution  near  four  and  nine  times  the  sea  level  meson  pulse  height  seems 
to  exceed  slgiillcantly  the  badcground  from  collisions  in  those  regions* 

They  attribute  the  excess  to  individual  fast  doubly  and  triply  charged  nuclei* 
It  was  decided  to  Investigate  idiether,  in  view  of  the  low  intensity 
of  the  radiation,  adequate  resolution  could  be  obtained  using  a radiator  so 
thin  as  to  suggest  that  background  frcn  energetic  interactions  in  it  would  be 
negligible*  Promising  results  were  obtained  with  a thickness  of  one  inch* 

The  radiator,  a polished  lucite  cylinder  1 l/2  inches  in  diaueteQ  was  coiqpled 
with  Canada  balsam  to  an  SQ  6260  phototube  ( 1 3/u  inches  diameter 
photosurface)*  Bright  aluminum  foil  was  sealed  to  the  remaining  lucite 
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surfaces  nith  the  same  material.  Figure  1 (A)  shows  the  dLstrihutlon  of 
pulse  helots  (multiplier  gated  by  a Qeiger  counter  telescope)  frm  sea 
level  cosmic  rays  obtained  with  counter  axis  vertical  and  radiator  iqypeiv 
most.  The  smooth  curve  is  the  Poisson  distribution  for  n - 16. 

The  differential  expression  corresponding  to  (1),  integrated  over  the 
absolute  spectral  sensitivity  characteristic  of  an  S-?  photosurface,  indi- 
cates that  a veiy  fast  singly  charged  particle  might  give  UO  photoelectrons 

per  inch  of  path  length  in  Incite  for  a selected  phototube,  with  perfect 
12 

light  collection  • We  think  that  assuming  that  the  mean  number  of  photo* 


^ J.  Marshall,  Phys.  Rev.  86,  685  (1952). 

elect,  yoa  was  about  l8  in  our  case;  i.e.  that  nearly  all  the  spread  in 
Figure  1 (A)  comes  fpom  fluctuations  in  that  number,  is  consistent  with 
the  prediction  in  view  of  its  idealized  hypotheses.  The  fact  that  a 1 l/2 
inch  diameter  Nal  (Tl)  scintillator  coupled  to  the  multiplier  similarly  and 
e^qjosed  to  uncoHimated  radiation  from  Cs^^  gave  a clearly  resolved  photo* 
line  agrees  with  the  assunption  ly  indicating  that,  given  plenty  of  photo- 
electrons,  the  optical  arrangement  and  photoSurface  were  cepable  of  much 
better  resolution  for  particles  with  more  than  one  unit  of  charge.  More 
recent  work  at  this  laboratory  shows  that  a width  at  half**majcim\s&  as  Icsr  as 
35  per  cent  can  be  obtained  for  the  sea  level  flux  with  a similar  radiator 
of  the  same  thickness  and  a better  photot\ibe. 


IU«  The 


At  that  point  it  was  thought  worthidiile  to  look  into  what  kind  of  events 


would  cause  large  signals  frcm  the  counter  at  hl^  altitude,  using  a cloud 
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chamber.  It  appeared  that  the  experiment  co\ild  acconqplieh  two  results  g the 
flux  of  fast  aipha  particles  could  be  measured,  and  at  the  same  time  an 
Insight  Into  the  general  problem  could  be  gained  idiich  alg^t  point  out  how 
to  make  more  extensive  and  precise  abundance  measurements  with  sijqpler 
equipment* 

The  cloud  chamber  was  of  the  type  that  has  been  developed  at  ths 
nnlverslty  of  Ulnnesota  for  use  in  high  altitude  research,  a deeper  veroioi 
Of  the  first  luclte  chambers  designed  hy  E.  P*  Ney*  The  problem  of  devising 
a cloud  chamber  system  and  technique  ccnpatlble  with  the  severe  requirements 
of  operation  at  balloon  altitude  had  been  solved  during  ths  period  19^7-1950 
by  Lofgren,  Ney  and  Oppenhelmer^*  Since  becccing  associated  with  the  work 

^ E.  J,  Lofgren,  E.  P,  and  F.  Oppenheimer,  Rev.  Sci.  Inst*  ij8  (19li9)* 
Extensive  changes  in  the  design,  which  have  never  been  published,  were 
made  by  those  eoqDerlmenters  after  that  agrticle  £q)peared* 

at  the  end  of  that  period,  the  writer’s  efforts  have  been  to  laiqjrove  the 
reliability  of  the  system,  and  to  extend  the  amount  and  refine  the  quality 
of  the  Infozmatlon  that  can  be  obtained  by  its  use* 

The  chamber  that  was  used  had  a sensitive  regiar.  about  ig  by  8 inches 
in  plan  and  8 indies  in  hei^t*  It  was  filled  to  a pressure  of  about  85  cm 
with  argon  and  water-alcohol  vapor  and  contained  five  transverse  copper 
plates  l/U  inch  thick.  The  chamber  walls  were  of  $/l6  inch  luclte.  'Ihe 
centred  circxiit  imposed  a dead  time  of  about  one  minute  following  an  expan^ 
Sion.  Stereoscopic  cameras  photographed  the  events  and  an  instrxnent  panel 
showing  time  and  temperature* 
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The  Cerenkov  counter  was  inverted  so  that  the  radiator  could  be  directly 
above  the  top  of  the  chamber  (Figure  2),  The  resultant  change  in  sea  level 
pulse  height  distribution  (to  'B*,  figure  1)  is  explained  by  iiqperfeot 
reflection  frcn  the  foil  coating  of  the  radiator*  From  synetry  it  mas 
believed  that  the  » inherent*  resolution  (the  limit  Z nait  not  much 

changed.  On  the  other  hand  it  iras  fouzid  that  a similar  counter  had  inherently 


bad  resolution  for  particles 


Leular  to  the  phototube  axis* 


The  'thickness*  of  a phototube  in  ga/ cm  is  gpraat  enon^  so  that  it  can 
(and  did}  as  mill  be  shosn)  perturb  the  trazismitted  beam  noticeably}  and 
even  as  thin  a radiator  as  that  used  does  the  same*  The  arrangsement  of 
Figure  2 was  thought  to  be  the  most  favorable  for  evaluating  such  effects 
that  coTild  be  chosen  under  the  clrcumsbanoes}  and  it  permitted  a useful  yield 
of  information  despite  the  radiator's  small  area*  The  beam  defined  by  the 
telescope  traversed  the  cloud  chamber  entirely  -within  the  cbamber*  s Illuminated 
region. 

Figure  3 is  a block  diagram  of  the  electronics.  A Geiger  coun-ter  trsy 
of  effective  area  2 by  U inches  and  a single  counter  of  dlame-tsrl  inch  and 
nauinal  length  1 inch  made  up  the  telescope. 

In  order  to  measxire  a flux  of  particles  wi-th  it}  the  geonetrlc  factor 
K of  the  telescope  had  to  be  determined* 

Counting  Rate  J'  l(0)  ^"^1  *^2  ^ ^ 

At  high  altitude  l(0)}  the  flux  can  be  assumed  isotropic  over  the  iqqper 
hemisphere*  For  the  telescope  in  question}  "the  integral  (over  the  "two 
apertures)  would  depend  critically  cn  the  effective  lengths  of  -the  counters ^ 
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irtilch  irere  not  knonn  very  precisely*  Therefore,  inste&cl  of  calculatisg  S 

from  measured  dimensions  it  was  fou-*‘-d  by  a substitution  technique*  A second 

telescope  of  roughly  similar  size  and  shape  was  constructed  using  crossed 

counters  to  define  its  apertures  so  that  its  geometric  factor  could  be 

calculated  accurately*  Counting  rates  of  both  telescopes  were  measured  in 

the  laboratory*  The  ratio  of  those  rates  times  the  calculated  gecanetric 

factor  gave,  for  the  telescops  to  be  used  with  the  Cerenkov  counter, 

K ■ (*78  + *Oij)  cm^  steradian*  The  small  correction  (3  per  cent)  for  diffejv 

ence  in  angular  distribution  between  the  flux  used  in  calibration  and  that 

at  high  altitude  was  taken  into  account* 

The  position  of  the  discriminator  edge  was  adjustable  and  could  be 

measured  by  counting  trigger  pulses  delivered  to  the  cloud  chamber  and 

referring  to  the  absolute  pulse  height  distribution  at  sea  level*  For  the 

high  altitude  e3q>eriment  it  was  set  at  about  twice  the  mean  pulse  height 

for  a fast  singly  charged  particle* 

It  was  necessary  to  stage  the  flight  at  geomagnetic  latitude,; 

idiere  the  momentum  cutoff  for  nuclei  other  than  protons  corresponds  to  a 

velocity  less  than  v in  Incite*  That  fact  influenced  the  results  in  two 

c 

ways  irtiich  will  be  mentioned  now  and  discussed  latert  (1)  the  energy 
threshold  for  detection  of  particles  was  determined  Iqr  a property  of  the 
detector  and  the  discriminator  bias  rather  than  by  geomagnetic  effects, 
and  (2)  particles  could  trigger  the  cloud  chBid>er  and  not  be  at  their  minimum 
ionization* 

^e  equipment,  housed  in  a pressurized  Insulated  gondola  with  walls 
of  thirty  mil  aluminum,  was  flown  October  12,  1953*  The  complete  appa^’atus 
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nelghed  120  lbs*  The  preasure  altitude  nas  recorded  bgr  a separate  unit  in 
nhich  a Wallace  and  Tieman  aneroid  gauge,  a clock  and  a thermometer  nere 
photographed  at  five  minute  intervals.  Qaxige  calibrations  before  and  after 
the  flight  shoved  no  change.  The  flight  reached  16.  li  millibar  and  remained 
level  Vi  thin  limits  4 0.3  mb  for  3U5  minutes  until  the  load  was  released* 

The  gauge  ten^erature  did  not  leave  the  region  in  idiLch  tests  at  this 
laboratory  have  shown  that  the  gauge  is  fully  temperature  coo^ensated* 

The  temperature  in  the  main  gondola  fell  during  the  ascent,  reaching 
its  lowest  value  of  71*  I*'  slightly  after  the  flight  reached  ceiling.  There- 
after it  rose  slowly  to  an  equilibrium  value  of  78*  F.  The  cooling  during 
ascent  caused  some  condensation  of  vapor  on  the  glass  chamber  front,  but 
that  condition  was  never  severe  enou^  to  cause  uncertainly  in  interpreting 
events,  and  within  less  than  an  hour  as  the  temperature  rose,  the  front  had 
cleared* 

The  mean  dead  time  of  the  cloud  chamber  was  determined  from  the  set 
of  trigger  times  recorded  during  the  flight  by  photographing  a sweep-second 
clock  beside  the  cloud  chamber.  The  total  sensitive  time  during  the 
minutes  at  ceiling  was  (1*013  ^ *017}  x 10^  sec*  One  hundred  fifty-seven 
events  were  photographed  in  that  time,  and  tracks  of  good  quality  were 
produced  at  every  ejpansion*  The  photographs  show  that  the  chamber  condition 
stayed  constant  and  that  no  change  took  place  affecting  its  control  cycle* 

IV*  Analysis  of  the  Photographs 

Classification  of  Events*  Two  kinds  of  events  would  be  capable  of  triggering 
the  cloud  chamber  I (I)  an  individual  fast  multiply  charged  paidiicle  could 
traverse  the  telescope  and  enter  the  chamber,  or  (II)  the  trigger  requlrmnents 
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(Geiger  counter  coincidence  plus  a large  enough  Cerenkov  counter  signal) 
could  be  met  by  cooperatlcn  between  secondaries  frcin  a multiplicative  Inteiv 
action  or  a primary  and  its  fast  secondaries.  Hhich  lype  of  event  triggered 
the  chamber  had  to  be  detexmlned  in  each  case  by  examining  the  photographs* 
The  events  of  type  I measure  the  flux  of  multiply  charged  particles  while 
those  of  type  II  provide  information  that  may  help  in  interpreting  results 
of  other  e:q>eilments  or  in  developing  improved  techniques  for  cosmic-ray 
measurement.  It  will  be  shown  that  although  it  was  not  alw£ys  possible  to 
establish  the  nature  of  the  multiplicative  events,  still  there  was  hardly 
ever  any  doubt  whether  the  chsmber  had  been  triggered  by  such  an  event  or 
by  one  of  the  type  described  first.  In  most  cases,  the  decision  could  be 
made  without  ever  estimating  the  ionization  along  a track* 

The  photographs  were  searched  for  countei^age  tracks  that  projected 
through  the  telescope  apertures  in  both  stereoscopic  views,  penetrated  the 
plates  without  scattering  or  else  interacted,  and,  if  they  did  not  interact, 
remained  visible  in  all  spaces  between  plates  exsept  possibly  the  lowest 
one.  The  cases  in  vMch  such  a track  was  fcuud  include  all  events  cf 
type  Ij  that  is , in  which  a fast  multiply  charged  particle  t reversed  the 
telescope  aid  entered  the  cloud  chamber.  (A  track  as  dense  as  four  times 
minimum  is  conspicuous  and  could  not  be  overlooked*} 

The  events  that  satisfied  the  preceding  necessary  condition  (criterion 
A)  were  subdivided  in  two  ways*  according  to  the  density  of  the  track 
(critericn  B)  and  according  to  the  number  of  other  tracks  in  the  photograph 
that  appeared  to  be  related  to  it  (criterion  C)*  Table  I shows  the  result* 
If  more  than  one  track  satisfied  criterion  A,  criterion  B was 
applied  to  the  densest  of  such  tracks*  Track  density  in  \mlts  of  that 
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corresponding  to  a fast  singly  charged  particle  sas  estimated  visually 
hy  con^arlng  the  given  track  to  others  of  the  same  age  selected  for  some 
significant  characteristic  (for  exaiz^)lef  the  electron  tracks  In  a typical 
soft  shoeer)*  Our  opinion^  ehich  Is  supported  by  a measurement  that 
irlU  be  discussed  later.  Is  that  relative  lonizatloa  was  estimated 
correctly  within  limits  + $0  per  ceno* 

Tracks  of  obvious  knock-on  electrons  were  not  counted  in  applying 
criterion  C,  idilch  was  aimed  at  separating  nuclear  interactions  from 
events  In  which  a particle  triggered  the  chamber  all  by  Itself.  Tracks 
were  consldred  related  If  they  were  of  the  same  age,  and  projection  of 
the  stereoscopic  photographs  showed  that  they  came  from  a common  point* 
The  time  resolution  was  good  enough  so  that  the  background  of  counteiv 
age  tracks  was  small,  about  five  reasonably  long  tracks  per  photograph* 

In  the  following  discussion  of  Table  I,  a group  of  events  will  be 
designated  by  its  coordinates  in  the  table;  for  example,  there  were 
75  0)*  events. 

Table  I 

Breakdown  of  cases  in  which  the  photographs  showed 


an  fallowed'  track  (one  that  satisfied  criterion  k)» 


Density  of 
ALlowed  Track 
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1 

Buffiber 

0 

of  Additional  Related  Tracks 
1 ^2 

1 
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15 
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75 
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The  iit  ^ 2)  events  (all  those  in  the  thiird  column)  were  surely 
multiplicative,  nearly  all  of  them  nuclear  interactions.  Homever,  they 
include  only  part  of  the  multiple  events  that  mre  photographed,  only 
those  that  had  an  ' allomed'  track.  ^ very  fery  cases  did  an  alloired  track 
that  waa  known  to  be  secondary  have  greater  than  density.  The  one 

event  entered  ( > U«  2)  showed  two  nearly  parallel  tracks  of  density  four 
times  minimum  and  a number  of  other  related  tracks.  One  of  the  heavily 
ionizing  particles  made  a sizeable  interaction  in  the  fourth  ccpper  plate. 
The  primary  event  was  probably  breakup  of  a heavy  nucleus  with  production  of 
two  fast  secondaiy  alpha-pazd^lcles. 

The  small  number  of  (J,  1)  events  is  understandable  on  two  counts.  In 
the  first  place,  only  the  more  energetic  nuclear  interactions  could  satisfy 
the  trigger  requirement  so  most  of  those  that  wer*i  detected  show  tracks  of 
three  or  more  secondaries.  Second,  there  is  leas  chance  that  a aenaller 
interaction  would  hsppen  to  have  a secondazy  iriiose  track  would  be  'allowed. ' 

The  preceding  observations  penalt  a strong  inference  that  none  of  the 
( > 0)  events  were  local  nuclear  interactions  which  had  a slow  proton 

secondaiy  idiose  track  happened  to  satisfy  criterion  A.  and  have  Ij  times  ■ini- 
mum  density  but  which  had  no  other  secoodazies  that  made  visible  tracks. 

For  such  events  oTight  to  be  still  less  frequent  than  those  in  group  (j,  1). 

The  (1,  0)  entzy  needs  special  comment.  A singly  charged  pairtlcle 
can  give  a signal  twice  the  average  size  for  a fast  mu  meson  by  making  a 
relativistic  kno<dc-on  electron  (see  the  'tali'  of  the  pulse  height  distri- 
bution, Figure  1)  though  only  with  a small  probability  and  only  if  the 
pazlicle  itself  is  ^ mHn-imiitn  ionization.  It  seems  likely  that  the  (1,  0) 


events  were  not  nuclear  interactions  but  were  multiplicative  in  the  sense 
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that  a fast  secondary  electron  provided  pai-t  of  the  Cerenkov  signal*  It 
would  be  oxpected  that  in  many  cases  the  electron  be  absorbed  or  scattered 
30  as  not  to  produce  a 'related*  track* 

The  only  case  in  which  doubt  could  not  be  resolved  is  entered  at 
(2,  0)*  The  particle  interact  i in  the  tqpncst  copper  plate*  Either  it  was 
a proton  at  minimum  ionization  irtiose  track  was  abnoxnally  bright  in  the  one 
section  where  it  was  seen*  or  it  was  an  alpha  particle  idiose  track  was 
unusually  faint* 

This  cos^letes  the  argument  for  classifljrLng  the  ( ^ U>  0)  events  as 
type  I and  all  others  as  typo  H*  In  idiat  follows  the  latter  will  usually  be 
called  background  events* 

Tracks  of  Heavy  Nuclei*  Although  the  great  majority  of  individual  particles 
that  triggered  the  chamber  were  helium  nuclei^  the  term  'miltlply  charged 
particle'  has  been  used  throughout  the  preceding  discussion  because  in  a 
number  of  type  I events  (13  of  them  in  fact)  the  track  of  the  particle  that 
triggered  the  chamber  was  conspicuously  denser  than  that  of  an  alpha  particle 
fast  enough  to  do  so.  Moreover^  several  of  the  background  events  ehow  a 
very  dense  countez^age  trade  that  penetrates  a number  of  the  quarter  inch 
copper  plates*  In  such  cases,  the  particle  that  made  the  trade  must  have 
been  a nucleus  heavier  than  an  alpha  particle* 

In  order  to  express  quantitatively  the  difference  in  density  between 
the  very  heavy  tracks,  those  of  alpha  particles  and  those  of  fast  singly 
charged  particles  (Figure  5 shows  cloud  chamber  photographs  with  examples 
of  such  tracks)  the  photographs  were  measured  with  an  integrating  photometer 
constructed  for  that  purpose* 

The  tracks  were  projected  fhll  size  on  a slit  2*  5 ma  wide  (the  width 
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of  alpha-parblcle  tracks  being  about  1 mm)  and  as  long  as  the  separatlcn 
betireen  cloud  chamber  plates*  The  light  that  fell  on  the  slit  was  focused 
on  the  cathode  of  a vacuum  phototube*  The  phototube  current  was  measured 
for  each  section  of  a track)  corrected  for  local  background  in  the  photo- 
graph) and  averaged*  Figure  U (ordinate)  shows  results  for  each  track  denser 
than  that  of  an  alpha  particle)  the  average  for  the  alpha  paziilcleS)  and  the 
average  for  a selection  of  penetrating-shower  secondaries*  (The  Z « 1 
tracks  were  necessarily  favorable)  not  representative)  examples*  The 
photometer  cotiM  not  distinguish  the  faintest  of  such  tracks  from  the  back- 
ground. ) 

The  phototube  measurements  reflect  the  fact  that  a cloud  chamber 
'saturates'  for  heavily  ionising  particles*  Fast  alpha-particle  tracks 
are  not  qpaque  and  show  occasional  gaps*  However)  even  the  lightest  of  the 
very  dense  tracks  has  an  opaque  core  and  no  gaps*  Apparently)  as  the 
ionization  increases)  the  diameter  of  the  completely  opaque  core  increases) 
but  it  does  so  slowly* 

Dslta  rays  were  counted  for  all  tracks  of  multiply  charged  particles* 

The  delta-ray  range  requirement)  tdiioh  cannot  be  considered  predse)  was 

about  1*5  mm  (measured  pexpendlcular  to  the  track  in  proJectLon)*  For  the 

alpha  particles  the  mean  count  was  (*038  * *008)/cmj  for  mesons  (photographed 

in  the  laboratory)  but  with  no  other  difference  in  conditions)  It  was 

(*012  -f  *002)/cm*  Besults  for  each  heavier  nucleus  are  shown  in  Figure  U) 

l/2 

where  the  quantity  (N/.OIO^)"^  is  plotted  as  abcissa  (N  being  the  number 
of  delta  rays  per  cm)* 

It  will  be  shown  that  the  p\ilse  height  requirement  inplies  that  nearly 
all  the  alpha  particles  traversed  the  chamber  with  Icnizatlon  within  20  per  cent 


of  their  miisimun  (Figure  6)«  The  saae  is  not  true  for  the  heavier  nuclei} 
they  could  enter  the  chamber  with  Ionization  up  to  1*5  tlaes  their  minliinB 
and  could  be  slowed  down  very  appreciably  (or  even  stt^ped,  for  Z > 6)  by 
the  plates.  Hence  the  'apparent  charge'  (Figure  abolssa)  is  an  xgpper 
limit  to  the  real  charge.  Assuming  that  the  heavy  nuclei  were  primary  and 
taking  into  account  their  energy  spectx\ra»  cne  would  expect  about  half  of 
the  heavy  nuclei  to  have  traversed  the  chamber  at  minimum  ionization  and  the 
remainder  to  have  ionized  more  heavily. 

Background.  The  many  side  effects  that  ccmnonly  are  lumped  uiider  the  tern 
'background'  cause  difficulty  in  most  cosmic-ray  experiments,  but  they  depend 
to  such  an  extent  on  details  of  method  idiich  msy  vary  widely  from  one  experi- 
ment to  the  next  that  an  analysis  of  background  in  any  particular  case  may 
have  quite  limited  usefulness.  Nevertheless,  in  this  instance  there  is 
perhaps  more  reason  than  usual  for  reporting  what  was  learned  about  the 
\inwanted  events. 

Only  recently  has  the  Cerenkov  effect  been  put  to  use,  suid  so  far  as 
the  writer  knows,  it  was  first  deliberately  enployed  to  measure  charge  in 
this  experiment.  The  reason  for  that  step  and  for  using  a radiator  many  - 
times  thinner  Ihan  has  been  used  in  a Cerenkov  counter  for  coani<^ray  appli- 
cations heretofore  was  to  achieve  the  drastic  reduction  in  backgroxaid  that 
it  seemed  might  follow.  Moreover,  because  a cloud  chamber  was  used  and 
because  the  photographs  were  of  uniformly  good  quality,  it  was  possible 
to  establish  definitely  the  nature  of  a greater  proportion  of  the  unwanted 
events  than  in  previous  cooparable  e^qperiments. 

Contributions  to  the  background  would  be  expected  from  both  of  the 
mechanisms  by  which  fast  secondary  charged  partloles  can  be  generated,  nuclear 
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IntsractloQ  and  electranagnotlc  Interaction*  The  latter  could  be  either 
radiative  (pair  creaticsn  hj  &TT  ^ decay  photon  or  hy  breoestrahlung)  or 
non-radlatlve  (production  of  knock-on  electrons)*  > phenonenologLcal 
classification  of  the  backgx*ound  eventSf  which  we  will  txy  to  fit  to  the 
preceding  framework « Is  given  In  Table  II* 

An  event  was  called  a hard  shower  If  there  were  three  or  more  counter- 


age tracks  that  extrapolate  to  a common  point  and  there  was  evidence  that 
sane  track  was  not  that  of  an  electron.  If  the  event  was  clearly  multiple, 
but  all  the  tracks  seemed  to  be  those  of  electrons.  It  was  called  a soft 
shower.  It  must  be  substantially  correct  to  equate  'hard  shower*  to  nuclear 
interaction  and  ’soft  shower’  to  radiative  electromagnetic  interaction* 

The  hard  showers  had  definite  origins  vdiose  locatlmls  interesting 
from  an  esqierimental  design  standpoint*  The  isroortance  of  reducing  the 
radiator  thickness  and  the  amount  of  material  above  the  radiator  to  the 
absolute  minimum  is  evident.  At  the  same  time  it  is  encouraging  to  learn 
uhat  the  counter  was  almost  completely  indifferent  to  interacticns  in  matter 
beneath  it.  At  most,  two  of  the  multiple  events  that  triggered  the  chamber 
occ\irred  in  the  6 kilograms  of  copper  in  the  illuminated  region  of  the  cloud 
chamber  (irtiere  they  could  be  identified  with  nearly  perfect  efficiency) 
idiile  at  least  30  were  contributed  by  the  few  hundred  grams  of  material 
above  or  Included  in  the  radiator*  <Since  the  counter  actually  favored 
upward  particles,  that  observation  has  to  be  explained  by  the  counter's 
velocity  bias  and  the  tendency  for  the  fast  secondaries  from  nuclear  Intez^ 
actions  to  preserve  the  prlmaiy  direction* 

Obviously  any  change  in  design  that  would  reduce  the  hard  shower  badc- 
ground  would  do  the  same  for  soft  showers* 


V 


I Table  II 

I . Classification  of  All  Events 

that  Triggered  the  Cloud  Chaabar 
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T^pe  !•  Chamber  triggered  by  passage  of  an 

individual  fast  multiply  charged  par- 


ticle through  the  telescope*  7$ 

Track  density  corresponds  toZ*2  *.62 

Track  density  corresponds  toZ>2  •.••13 

Type  II.  Uore  than  one  fast  particle  contri- 
buted to  triggering  the  chamber.  82 


Nature  of  multiplicative  event  is 

evident.  ...........  ••••U2 

Hard  s hover  above  Cerenkov 

radiator.  22 


Hard  shover  in  radiator.  8 

Hard  shaver  below  radiator. U 

Soft  shower.  8 


Photographs  show  a single  countez^age 
track)  that  of  a particle  at  minimum 
ionization  that  traversed  the  telescope 

and  penetrates  or  interacts.  7 

The  track  of  a penetrating  particle  with 
Z ■ 2 (one  instance)  or  Z > 2 enters  the 


chamber  from  above  but  does  not  project 

throu^  both  Geiger  counter  trays.  .11 

^otographs  shew  little  or  nothing  that 
would  indicate  'idiat  kind  of  event 

triggered  the  chamber.  • ..•••22 

Total 157 
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It  may  be  of  interest  thiil  no  event  showed  evidence  of  more  than  one 
charged  particle  Incident  frcm  outside  the  gondola j that  Is,  multiplication 
In  the  atffiosphez*e  had  no  effect,  except,  of  course,  to  Increase  the  total 
flux  of  background-producing  particles* 

The  background  events  in  the  second  main  group  show  only  one  counter- 
age  track,  that  of  a fast  singly-charged  particle  which  apparently  went 
through  both  of  the  Geiger  counter  trays  and  the  Cerenkov  radiator  before 
entering  the  chamber.  Thou^  the  evidence  is  not  conclusive,  we  will  assume 
that  the  mechanism  was  nonradlatlve  electrcnagnetic  interaction,  that  an 
unseen  knock-on  electron  contributed  enough  additional  Cerenkov  li^t  to 
satisfy  the  pulse  height  requirement* 

The  same  mechanism,  knock-on  production,  can  operate  in  a different 
manner  to  cause  background  when  the  primary  particle  is  multiply  charged, 
for  then  the  primary  needs  no  help  in  satisfying  the  piilse  height  require- 
ment. The  primary  itself  can  miss  either  or  both  of  the  Geiger  counter 
trays,  so  long  as  it  goes  throu^  the  radiator,  and  still  satisfy  the  coin- 
cidence requirement  by  means  of  knock-on  electrons*  We  use  this  model 
to  account-  for  the  third  group  of  background  events  in  Table  II* 

As  for  the  fourth  group,  presumably  the  events  were  nuclear  inter- 
actions whose  secondaries  all  missed  the  illuminated  region  of  the  chamber 
or  similarly  extreme  manifestations  of  the  other  types  of  multiplicative 
interaction* 

It  is  good  to  know  the  number  of  events  in  each  background  grovq> 
relative  to  the  number  of  wanted  events,  but  a more  important  matter  is  the 
size  of  piilses  produced  by  events  in  the  various  groups*  (One  has  in  mind 
a technically  simpler  e3q)erlment  in  which  only  the  pulse  height  distribution 
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irould  be  observed*  ) Judging  from  the  mmber  of  fast  secondaries  that  seem 
to  have  passed  throu^  the  Cerenkov  radiator ^ the  largest  nuclear  Interac- 
tion might  have  produced  as  large  a pulse  as  a fast  boron  nucleus^  but  It 
eas  exceptional*  The  next  largest  could  have  produced  no  larger  a pulse 
than  a beryllium  nucleus  j and  most  of  the  background  pulses  must  have  been 
much  smaller  than  that* 

However^  one  group  Is  exceptional:  the  events  In  ehlch  a heavy  nucleus 

irent  through  the  radiator*  did  not  Itself  go  through  the  telescope*  but 
satisfied  the  trigger  reqxiireaent  with  the  aid  of  one  or  more  long  range 
delta  rays*  Background  pulses  produced  In  that  way  could  be  as  large  as 
any  'legitimate*  pulse*  It  Is  well  knoan  that  If  precautions  are  net  taken* 
the  same  effect  will  cause  errors  of  order  several  per  cent  In  measuring  the 
Intensity  of  the  hard  component  at  ground  level*  The  numbers  in  Table  II * 
which  show  that  'background'  heavies  are  practically  as  frequent  as  the 
legitimate  events  they  compete  with*  are  not  surprising  If  one  bears  In 
mind  that  knock-on  production  Increases  as  the  square  of  the  primary  par- 
ticle's charge*  figure  5 (D)*  which  illustrates  the  abundant  fast  knock-on 
electrons  associated  with  passage  of  a fast  heavy  nucleus  through  matter* 
may  add  emphaslc  to  tills  discussion* 

We  think  emphasis  is  Justified*  for  the  events  point  out  potentially 
serious  sources  of  uncertainty  In  measurements  of  the  flux  of  heavy  nuclei 
by  means  of  counters  alone*  In  the  first  place*  one  might  rely  solely  on 
Geiger  counters  to  define  the  trajectories  of  particles  considered  and  thus 
underestimate  the  effective  size  of  the  telescope  apertures*  Or  one  might 
exclude  events  in  which  signals  fran  ' guard  counters ' resulted  from  knock-on 
electrons*  mistaking  the  effect  of  the  latter  as  indicating  that  the  event  in 


I 


questicn  nas  a nucleai*  mteractian  or  an  air  shower  rather  than  passage  of 
a heavy  nucleus.  Ve  will  return  to  this  matter  again  and  suggest  a method 
for  solving  the  problem. 


7.  Energy  Thresholds 


To  meet  the  Cerenkov  counter  pulse  height  requirement,  an  indlTldual 
particle  not  only  had  to  be  multiply  charged  but  had  to  traverse  the  radia- 
tor with  sufficient  velocity.  At  the  latitude  of  the  ejqperiment,  primary 
cosmic  rays  could  reach  the  radiator  with  velocities  lower  than  that,  so  the 
measurements  refer  to  the  flux  of  primaries  with  energy  above  a threshold 
set  by  the  counter  and  are  to  be  compared  with  results  obtained  by  conven- 
tional methods  at  certain  lower  latitudes. 

The  limiting  velocity  was  determined  by  the  pulee  height  requiranent, 
but  only  statistically  because  of  the  limited  resolution  of  the  counter.  ¥e 
can  assume  as  an  epproxlmatlon  that  the  only  significant  fluctuation  is  in 
the  number  of  photoelectrons  that  reach  the  first  multiplier  dynoda. 

(Pulse  heights  will  be  expressed  in  -units  of  the  pulse  from  a single  such 
electron.  ) Even-ts  for  idiich  the  mean  nund)er  of  photoeleotrons  is  n will 
gi-ve  a normalired  pnlse  hei^t  distribution  P(n,  n)  ■ n e:qp(-d  (Poisson). 
If  the  pulses  feed  an  edge  discrimixsa-tor  set  aA  n^,  the  probability  that 
such  an  event  -will  trigger  it  is 


P(n,  n) 


n - ni 


idiich  is  zero  for  n^<n^,  unity  for  n-»  n^^,  and  assumes  the  -value  l/2  for 
n ^ i^.  If  the  e-vent  is  passage  of  a particle  with  charge  Z and  velocity 
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parameter  y ■ (1  - through  a Cerenkor  counter»  n 2 f.  (y) 

o c 

nhere  Is  the  mean  pnlse  height  for  Z > 1,  y (fast  au  mesons)  and 

f.  (y)  expresses  the  velocity  d^endence  cf  Cerenkor  radiation  (equation  1). 


Finally^ 


(z.t)-R  [**“.*«  Wj 


Is  the  ilrobablllty  of  detection  (detection  characteristic)  for  Z»  y (n.gure  6). 

The  differential  energy  spectrum  of  detected  particles  is  the  product 
of  the  detection  characteristic  and  the  energy  spectrum  of  the  Incident 
paiTticles,  D(E)dE*  The  effective  threshold  energy  is  defined  so  that  the 
Integral  of  the  incident  particles  above  that  energy  equals  the  integral 
of  the  detected  i)artlcles  over  all  energies*  Since  the  detection  character- 
istic is  practically  constant  and  equal  to  1 for  high  energies  (>Bj^)»  the 
equation  that  defines  E|^  cen  be  mitten 

/ Q(E)D(E)dI  - n(E)dE  (5) 


rdiich  shows  that  the  form  of  the  incident  spectrum  for  E > ^ does  not 
influence  the  calculation*  By  assuming  a reasonable  analytical  eoq>res?l;vi 

9 

for  B(E)  in  the  interval  for  which  Q(2,  y)  is  appreciably  different  from 
0 or  1 and  integrating  ($)  numerioaUyy  the  mean  threshold  y for  alpha 
particles  was  found  to  be  1*65  ^ • Since  not  much  of  the  total  flux 

belongs  to  that  energy  interval,  the  result  is  relatively  irmensltlve  to 
idiat  was  assrmed  about  the  spectrum* 

The  quoted  error  arises  Instead  froa  uncertain'^  in  the  measured 
parameters  that  detemlne  Q(2,y}*  By  substituting  n^k  for  n^^  in  (U)*  it 
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oan  be  seen  thab  the  mean  threshold  y depends  for  its  aocurapy  on  the 
measuirement  of  k*  The  threshold  y 1b  essentially  that  for  which  the  detection 
probability  Is  1/2,  and  It  has  been  pointed  out  that  the  detection  prob^lUty 
attains  that  value  when  ^ equals  the  argument  of  the  function  B,  apprcndaatelyj 

A 

that  Is,  when  f (y)  ~ k/Z  • n Itself,  which  was  obtained  by  fitting  a 
° o 

Poisson  distribution  to  the  observed  pulse  height  distribution,  plays  a 
less  important  role  in  determining  the  energy  threshold. 

The  value  of  k for  the  flight,  2*1  * *2,  was  set  by  the  ratio  of 
overall  gain  used  for  the  flight  to  that  needed  in  order  to  obtain  the 
trigger  rate  from  sea  level  cosmic  rays  that  would  correspond  to  k - 1 
according  to  the  absolute  pulse  hel^t  distribution  of  Figure  1.  A cali- 
brated linear  attenuator  was  used  to  change  the  gain,  and  the  value  of  k was 
fo\md  to  be  unchanged  •^en  checked  after  the  flight*  Detection  character- 
istics for  k ■ 2*1  %p.d  Z - 2,  3,  are  shown  ir.  Figure  6,  together  with 

the  function  f (y)* 

0 

For  nuclei  with  great  enough  charge,  the  measured  parameters  k, 
are  unlnportant;  the  threshold  is  determined  by  the  critical  velocity  in 
luclte.  In  this  experiment  Q(Z,y)  could  be  considered  a step  function  for 
Z > 2,  and  error  in  the  threshold  is  negligible  for  such  nuclei*  Results 
are  shoim  in  Table  III,  both  for  particles  at  the  depth  of  the  counts  and 
primaries  above  the  atmosphere*  Taking  into  accouxdi  the  laat  column  of 
that  table,  the  fact  that  all  of  the  13  heavy  nuclei  that  entered  through 
the  telescope  penetrated  all  plates  of  the  chamber  (or  else  were  seen  to 
interact)  confirms  the  ability  of  the  Cerenkov  counter  to  reject  particles 
with  less  than  critical  velocity,  regardless  of  their  ionization*  (Tasking 
another  point  of  view,  note  that  the  a posteriori  lower  limit  on  the  energies 
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Table  in 
Energy  Threeholtls 


Nucleus 

Z 

E* 

a 

He 

2 

606 

668 

300 

Li 

3 

iti|2 

519 

•»7n 

Be 

h 

362 

5t)2 

iiitO 

B 

$ 

3U7 

519 

500 

C 

6 

338 

51*5 

570 

N 

7 

33li 

57li 

630 

0 

8 

330 

605 

700 

P 

9 

328 

63U 

750 

Ne 

10 

326 

682 

810 

Ejj  Is  tbs  kinetic  energy  pai*  nucleon  in  Mev  correaponding  to  2*1  n^ 
units  of  Cerenkov  radiation  in  Incite* 


E^  is  the  corresponding  energy  at  entrance  to  the  atmosidiere*  The 

depth  of  the  center  of  the  rcuUator  nas  26  gon/ca^  (16*9  91/oBi^  airy 
remainder  telescope)- 

E'  is  the  kinetic  energy  per  nucleon  in  Ifev  corresponding  to  range 
a ^ 

60  gfn/cB?*  That  figure  is  the  thickness  of  material  betueen  the 
top  of  the  atmosphere  and  the  lowest  space  in  the  chamber* 


of  the  13  ’alJ.oTied'  heavy  nuclei  given  by  their  observed  range  is  stricter 
than  the  a priori  limit  set  by  Cerenkov  radiation  tlwory,  provided  they  had 
charge  greater  than  five.) 


VI.  ^e  nux  of  Primary  ilpha  Parti  el— 


The  flux  of  alpha  particles  that  entered  the  cloud  chamber  vras 
(79  + H)/m2  sec  eteradian.  Both  statistical  and  instrumental  sources 
Here  taken  into  account  in  estimating  the  error. 

The  relation  between  the  flux  that  entered  the  chamber  and  the  cosmic 
radiation  above  the  atmosphere  depends  on  the  effect  of  nuclear  collislans, 
both  in  local  matter  and  in  the  overlying  atmosphere.  Results  published  to 
date^*^^  agree  with  the  following  fomula  for  colUslm  cross  sections s 

<y"  - Tf  Triiere  8 ■ [^  - 2.oJ  x cb  (6) 


^ P.  Preier,  Q.  W.  Anderson,  J.  B.  Nau^e  and  E.  P.  Key,  Phys.  Rev. 

322  (1951). 

If.  F.  Kaplon,  B.  Peters,  H.  L.  ReyiaLds,  D.  If.  Ritson,  Phys.  Rev. 

§5,  295  (1952). 

(Ai,  A2  mass  numbers  of  incident  and  target  nuclei,  respectively)  at 
least  for  incident  nuclei  with  energy  above  1 Bev/nucleon.  There  is  evi3*ince 
that  the  cross  section  decreases  somewhat  for  lower  energies. 

The  experimental  evidence  is  especially  scanty  for  alpha  particles. 

In  the  experiment  we  describe,  traversal  of  1.62  x 10^  gn/cm^  of  capper  in 
the  cloud  chamber  resulted  in  I6  Interactions.  The  ooiresponding  mean  free 
path  and  the  results  of  other  investigators  are  shomln  Table  IV  together 
with  values  given  by  equatlcn  6. 


Table  17 


Alpha-P2irtlole  Collision  Ifean  Free  Paths 


Uaterial  Collision  Hean  FTee  path  (gm/oa  ) 


Observed 

Calculated  (Eq.  6) 

Copper 

100  + 25 

91 

Brass 

8U  ♦ 17  (a) 

91 

Glass 

50  ♦ 11  (a) 

60 

^ Ks^long  et 

From  observing  seven  Interaotlons  of  heavier  nuclei  in  traversal  of 
560  gn/oa^  vie  obtain  the  mean  free  path  (80  + 30)  sa/cm % which  agrees 
vdthin  its  considerable  statistical  error  elth  the  predlotion  65  m/omr 
of  quatlcn  6. 

Attenuation  in  local  matter  was  taken  into  account  using  calculated 

collision  cross  sections.  According  to  equation  6$  the  collision  mean  free 

2 

path  for  alpha  particles  in  air  is  about  50  pa/m  » That  value  was  reported 
by  Davis  et  al^,  for  the  absorption  mean  free  path*  Using  it  to  take  into 

^ L.  R.  Davis,  H*  H*  Caulk  and  C,  r.  Johnson,  niys*  Bev.  91,  ii31  (1953)* 

account  attenuation  in  the  atmosphere,  we  find  the  value  (135  * 20)/s^ 
sec  steradian  for  the  flux  of  prlmazy  alpha  particles  with  energy  above 
( 670  + 100)  Mev/nucleon^"^. 

The  difference  betaeen  this  result  and  that  we  reported  earlier,  Phys* 
Rev.  9^,  899  (195U),  cooes  partly  from  adopting  a greater  value  for  the 
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absorption  mean  tree  path  In  the  present  case  and  partly  trm  corrsotlng 
erroirs  in  values  given  in  that  letter  for  the  geometry  factor  and  the 
energy  that  corresponds  to  in  lucite* 

For  comparisoD  with  that  result » me  have  collected  and  shoir  in  Figure  7 
values  of  the  primary  alph£u-partlcle  flux  obtained  elseehere  by  methods  that 
discriminate  strongly  against  at  least  one  of  the  two  types  of  background 
event  discussed  in  the  introduction,  local  multiplicative  interactions  and 
slow  singly-charged  particles* 

Perioir  et  and  Davis  et  mea8^u•ed  ionization  eith  proporaticnal 

0*  J*  Perlow,  L*  R*  Davis,  C*  W.  Kissinger  and  J*  Du  Shipman,  Jr., 

Phys.  Rev.  QQ,  321  (1952)* 

19 

Davis,  Caiilk  and  Johnson,  loc*  clt.  Flux  value  corrected  in 
communication  to  E.  P,  Ney* 

counters  (2  and  3 of  them,  mspectlvely)  and  eliminated  individual  sloe 

20 

particles  by  requiring  penetration*  Bradt  and  Peters  used  photogrsq»hie 
H.  L.  Bradt  and  B*  Peters,  Pi^ns,  Rev*  77*  (1950). 


emulslons,  so  multiplicative  events  could  not  cog^ete,  cuad  measured  ioni- 
zation of  long  tracks*  I^e  results  we  quote  are  a revision  of  those  they 

21 

reported  originally  , and  for  the  purpose  of  comparison,  we  have  adjusted 

0.  Segre,  H Nuovo  Cimento  9,  116  (1952)* 

tliem  slightly  to  correspond  to  the  absorption  mean  free  path  used  in  extra- 

22 

polatlng  other  results  shown*  UcDcnald  used  a scintillation  counter  to  set 
p*^  Bo  McDonald,  Communication  to  E.  P.  Ney* 
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upper  and  loifer  limits  on  Ionization  and  a cloud  chamber  Kith  absorber  to 
eliminate  both  slcnr  protons  and  interactions*. 


VII*  The  Problan  of  Flux  Measiurement 
b7  Means  of  Counters  in  the  Region  Z 2 


The  13  hea-vy  nuclei  with  'allowed'  tracks  observed  in  this  esqperiment 
lead  to  the  value  (38  + 12)/m^  sec  steradlan  for  the  extrapolated  flux  of 
nuclei  with  Z>  2 and  energy  above  $00  Mev/nucleoiu  That  may  be  compared  to 
the  result  18*6  ^2.0  reported  by  Kaplong  et  al^^.  f or  an  insignificantly 
lower  mean  threshold  and  the  re.eult  31  + 3 reported  by  Sainton  et  al^^  for 


A*  D.  Sainton s P.  H.  Fowler  and  D.  W.  Kent,  Phil.  Mag.  129  (1952). 


a threshold  330  Mev/nuclecn.  (For  the  purpose  of  conparlscn,  essentially 


2 

the  same  value,  30  gn/cm  , was  used  for  the  air  absoiptlcn  mean  free  path 
in  the  present  case  as  in  the  others*} 

'Allowed'  heavies  ^Lnd  definite  'backgrouzxl'  heavies  were  observed 
in  about  equal  numbers  in  tills  experiment*  We  believe  that  the  measurements 
used  in  separating  them  were  not  capable  of  enough  precision  to  avoid  con- 
siderable uncertainty  in  the  outcome*  It  is  quite  possible  that  in  realily 
a third  or  even  half  of  the  'allowed'  heavies  narrowly  missed  one  of  the 
Geiger  counter  trays  and  triggered  it  by  means  of  a knook-on  electron* 
Consequently,  the  vdue  38  + 12  we  report  above  odg^t  to  be  regarded  not  as 
a flux  measurement  but  as  a measure  of  how  far  we  have  progressed  toward 
solving  the  problem  under  discussion* 

in  a recent  high-altitude  experiment  by  Stix^^,  a cloud  chamber  was 

T*  H.  Stix,  Phys.  Rev.  91»  1»31  (1953)5  "Primary  Heavy  Nuclei,"  Phys* 


Rev<  (in  press). 


triggered  by  sufficiently  large  pulses  fran  each  of  three  proporticnal 
counters  in  coincidence*  He  required  that  the  cloud  chamber  shov  a single 
heavy  track  and  that  each  of  the  pulses,  vMeh  mre  recorded,  be  consistent 
nith  the  density  of  the  track*  His  result  for  the  flnz  of  heavy  nuclei  is 
in  agreement  -with  those  obtained  by  use  of  emulsions*  In  the  lig^t  of  our 
observations  the  fact  that  his  geometry  was  defined  entirely  by  proportional 

devices  was  inportant  to  that  success*  Cb  the  other  hand,  the  disoxlBlnation 

• 

against  background  of  the  three  proportional  counters  seems  to  have  been 
poorer  by  orders  of  magnitude  than  might  have  been  obtained  using  a single 
Cerenkov  counter* 

Iluring  the  preparation  of  this  report,  thin  Cerenkov  counters  have  been 
developed  at  this  laboratory  idiich  have  much  better  resolution  and  far  greater 
useful  area  than  the  one  we  have  described*  We  suggest  for  consideratian  by 
others  idio  are  interested  in  this  field  that  a Cerenkov  counter  ml^t  be 
combined  with  an  ionization  countarto  great  advantage,  the  geometry  being 
defined  by  the  two  counter  areas*  There  would  be  no  knock-on  electron 
problem  as  in  the  present  experiment,  axid  the  Cerenkov  counter  would  con- 
tribute its  excellent  discrimination  against  background*  Fiurtharmore, 

Figure  8 shows  that  simultaneous  a^jasurements  of  Cerenkov  radiation  and 
ionization  would  serve  to  identify  all  primary  nuclei  as  to  charge  up  to  the 
latitude  at  which  the  energy  threshold  detennined  by  geomagnetic  effects 
corresponds  to  the  critical  velocity  in  the  material  chosen  for  Cerenkov 
radiator* 
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Captioa3  for  Figures 

1*  Cerenkov  Counter  Pulse  Height  Distrilaiti<H!g 

The  c\i3rre8  are  Poisson  distributions  P(18»  n)  (A)  and  P(10) 

(B) «  Open  circles  are  measured  for  normal  counter  sense;  full 
circles  for  counter  Inverted*  Total  rates  for  both  have  been 
normalized  to  the  area  tinder  the  curves*  The  gain  was  the 
same  during  the  two  rxins.  Errors  are  statistical* 

2*  Arrangement  of  Apparatus 

Numbers  shown  are  thicknesses  in  gn/cm  • 

3*  Trigger  Circuit  Block  Diagram 
li*  Ionisation  Measurements 

Track  densities  were  measured  with  a photcmeter*  Deltfr*ragr 
counts  have  been  converted  to  a Z-scsle  after  being  normalized 
to  the  mean  density  for  alpha  particles*  Points  represent 
Individual  tracks,  and  errors  are  statistical  standard  devia- 
tions, except  for  the  triangles.  The  coordinates  of  the 
upper  triangle  are  averages  for  alpha-particle  tracks* 

The  ordinate  of  the  lower  triangle  is  an  average  for  selected 
tracks  of  sin^y-charged  particles*  For  those  two  cases,  limits 
of  variatlcn  in  density  are  shown* 

5*  Cloud  Chamber  Rioto  graphs 

(A)  -An  alpha-particle  track  of  average  density*  (B)  The  least 
dense  track  classified  Z>2  (probably  that  of  a fast  Li  nucleus). 

(C)  An  alpha  particle  which  interacted  in  the  central  plate* 
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Tracks  u,  b,  and  c of  penetrating  secondaries  shoir  clearly  in 
the  originals  although  it  is  plab  that  they  are  much  less  dense 
than  that  of  the  primary*  Condensation  on  the  chamber  front  1s 
Illustrated*  (D)  The  track  of  a ^ucle^ls  with  Z^IO* 

Figure  6*  Cerenkov  Radiation  and  Deteoticn  Chracteristlcs 

The  solid  curves  give  the  probability  of  detection  as  a function 
of  energy  for  helium  and  lithiums  the  limiting  curve  for 
Z— »*^*  The  dashed  curve  shows  tlie  energy  dependence  of 
Cerenkov  radiation* 

Figure  7*  Congaarison  of  Results 

Filled  circle  is  the  result  of  this  e3q>eriment*  Open  circles 
are  previous  measurements  of  the  alpha-particle  flux*  Codet 
(a)  Bradt  and  Peters^®,  (b)  Perlow  et  al^,  (c)  Davis  et  al^^, 
Uj  HcDonald^^* 

Figure  8*  Ionization  vs  Cerenkov  Radiation 

Corresponding  values  of  Cerenkov  radiation  and  ionization  for 
three  values  of  charget  Z « 6»  7»  and  8*  Velocity  is  parameter 
for  the  curves*  Scales  have  been  nonialized  so  that  ionization 
plateau  « Cerenkov  plateau  ■ 1 for  Z - !• 
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NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNhfENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  UCENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVElfiNG  ANx  nlGmS  OR. PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THATTvlAY  IN  ANY  WAY  BE  RELATED  THERETO. 
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